SUMMARY
Methylotrophic bacteria comprise a broad range of obligate aerobic microorganisms, wMch are able to proliferate on (a number of) compounds lacking carbon-carbon bonds. This contribution will essentially be limited to those organisms that are able to utilize methanol and will cover the physiological, biochemical and genetic aspects of this still diverse group of organisms. In recent years much progress has been made in the biochemical and genetic characterization of pathways and the knowledge of specific reactions involved in methanol catabolism. Only a few of the genetic loci hitherto found have been matched by biochemical experiments throu~ the isolation or demonstration of specific gene products. Conversely, several factors have been identified by biochemical means and were shown to be involved in the methanol dehydrogenase reaction or subse-quent electron transfer. For the majority of these components, their genetic loci are unknown. A comprehensive treatise on the regulation and molecular mechanism of methanol oxidation is therefore presented, followed by the data that have become available through the use of genetic analysis. The assemblage of methanol dehydrogenase enzyme, the role of pyrrolo-quinoline quinone, the involvement of accessory factors, the evident translocation of all these components to the periplaxm and the dedicated link to the electron transport chain are now accepted and well studied phenomena in a few selected facultative methylotrophs. Metabolic regulation of gene expression, efficiency of energy conservation and the question whether universal rules apply to methylotrophs in general, have so far been given less attention. In order to expand these studies to less well known methytotrophic species initial results concerning such area as genetic mapping, the molecular characterization of specific genes and extrachromosomal genetics will also pass in review.
INTRODUCTION
Methylotrophic metabolism occurs in yeasts and bacteria. Most knowledge in bacteria has been
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gained so far from Gram-negative organisms. The primary step of methanol oxidation appears to follow a reaction scheme that is basically identical in all obligate aerobic Gram-negative methylotrophs studied and involves a periplasmically located methanol dehydrogenase. Three main groups of organisms can be distinguished [1] , based on the further utilization of its product formaldehyde. The ribuiosc monophosphate cycle (RUMP) is utilized by all obligate methylotrophs, that do not utilize methane as sole carbon source, and by some restricted faeultative methylotrophs [2] [3] [4] . True facultative methylotrophs either employ the serine cycle for formaldehyde fixation (the typically studied organisms from this group are pink pigmented Methylobacterium species, previously classified as Pseudomonas species) or completely oxidize methanol and utilize the liberated energy to build biomass from carbon dioxide (autotrophic methylotrophs). Further subdivisions can be made in the RUMP-and the serine cycle-dependent methylotrophs according to slight variations in these routes. The three groups of organisms, as ordered here, feature a decreasing efficiency of biomass production from methanol. In a previous review [5] an account was given of the status quo of the genetic analysis of methylotrophs with some detailed attention to the techniques that were available for this group of organisms. A combined biochemical and physiological analysis of mutants, isolated from methyiotrophs, generated a first inventory of functions involved in methylotrophy. A remarkable result from these and subsequent studies was the finding that the number of genes, essential for the conversion of methanol to formaldehyde, easily surpassed the number of functions that were detected by biochemical techniques. An increasing number of molecular genetic techniques are currently at the disposal of the researcher, set out to unravel the physiological requirements and ecological adaptations of methylotrophs. The symbiosis of molecular genetics with physiological and biochemical studies will however remain a vital resource in this undertaking. In this contribution the reaction mechanism, electron transfer and regulatory aspects will therefore be attended in more detail, to provide for this wider perspective.
Methanol oxidation

L Methanol dehydrogenase
In both obligate and facultative Gram-negative methylotrophs the first step in methanol oxidation is cataiysed by a periplasmic located [6-8] pyrrolo quinoline quinone (PQQ)-dependent [9i methanol dehydrogenase ([10] ; EC 1.1.99.8). Most methanol dehydrogenases will oxidize alkan-l-ols, although affinities decrease with increasing chain lengths. Some will, at low rates, also oxidize corresponding aldehydes, presumably because of structural similarity of a primary alcohol when in the hydrated form, or even secondary alcohols [11] [12] [13] [14] [15] . Because of this broad snbstrate specificity, the enzyme would be more accurately described as a quinoprotein alcohol dehydrogenase. Moreover, occurrence of this enzyme is not limited to methylotrophs, but similar enzymes have also been shown to be implicated in ethanol utilization in methylotrophs as well as non-methylotrophs [16] [17] [18] [19] . The enzymatic reaction and physical dimensions of the protein seem flexible enough to allow significant changes in substrate specificity, since methanol will not be oxidized at significant rates by PQQ-dependent alcohol dehydrogenase from nonomethylotrophs~ while on the other hand substrate specificities of the enzyme among methylotrophs may vary considerably. Th," quinoprotein present in methylotrophs is nevertheless referred to as methanol dehydrogenase (MDH) because of its increased affinity for methanol (Km usually below 20 pM), which illustrates its apparent specialized function, The MDH proteins as found in methylotrophs may, in addition to substrate range, differ considerably in isoelectric point [20] or immunological cross-reactivity [21, 22] . The latter observation proved useful to confirm previously established classifications of some methylotrophs, Still, enough homology is present at the level of the DNA-sequcnee to allow cross hybridization between MDH-DNA from the facultative autotroph Paracoccus denitrificans and the serine-type Methylobacterium extorquens strain AM1 or Methyiobacterium organophilum strain XX [22] and even from Methyiobacterlum extorquens strain AM1 and the obligate methanotrophs Methylococcus capsulatus strain Bath, Methylornonas alb~ strain protein sequence determined from the purified small protein has been reported to match an open reading frame (mexl) that forms part of the max-up©ran, which includes the structural gene for methanol dehydrogenase (moxF; ref. 29 ). The gene is also present in Paracoccus denitrificans (R.
van Spanning, unpublished results), as judged from the presence of a similarly organized operon and apparent homology with the published sequence from Methylobactcrium extorqucns strain AM1 [29] . Neither the raoxl protein, nor the moxJ protein (a protein of the mox-operon with deduced M r 30 kDa with unknown function) fit the physical properties of either the previously identified low molecular weight oxygen labile factor X [30] o~ the MDH modifier protein [31, 321 , both of which are thought to play a role in the reaction of me:hanoi dehydrogenase with substrate.
3.t.2. PQQ
Extraction of the prosthetic group PQQ renders MDH inactive [I3,33] and, although PQQ is not covalently associated with the enzyme, evidence of physical reassoeiation of the isolated factor with 59 prepared apoenzym has only once been reported for the restricted faeultative methylotroph Bacterium W3AI [34] . This contrasts to the results from experiments with another quinoprotein, glucose dehydrogenase, which is present in Acinetobacter calcoaceticus [35, 35] , Pseudomonas sp. [37] , Klebsieila pneumoniae [38] and Escherichia coil [39] . In the latter organism the peculiar situation exists that apoenzyme is made under conditions of energy stress [40] , although for glucose dehydrogenase activity the organism is dependent on PQQ available from the environment. Indeed, in viva reactivation or in vitro reconstitution of glucose dehydrogenase apoenzyme from all these organisms proved to be instantaneous when PQQ was supplied, which indicates that no special funet;c,~l is required for enzyme/PQQ complex formation, A similar phenotyp¢ seems now apparent for Methylobacterium organophilum strain DgM760 mutants, unable to utilize methanol but still utilizing methylamine as sole carbon and energy source. Methylamin¢ utilization is PQQ-independent in this organism and proceeds via glutamine synthetase catalyzed synthesis of N-methylglutamate and further degradation via a N-methylglutamate dehydrogenase activity [41] . The mutants were observed to be complemented for the detect by externally supplemented PQQ [42] and further complementation analysis has led to the isolation of six different genes thought to be involved in PQQ biosynthesis (ref. 43 and F. Biville et al., abstract 6th Int. Syrup. on Microbial Growth on C) Compounds, G~Sttingen, 1989) . Therefore, although in vitro reassociation could not be demonstrated before, possibly due to the denaturation of MDH upon removal of the prosthetic group, in viva reassociation now may occur in the described Methylobacterium organophilum strain DSM760 mutants. However, in the studies on a pqqAmutant it was shown that in viva re_constitution of MDH activity by externally added PQQ was neither instantaneous, nor would lead to full restoration of wild-type levels during active periods of growth [42, 43] . Therefore, in wild type either internally produced PQQ positively influences MDH expression in Methylobaeterium organophilum strain DSM760 or, as suggested [42] , PQQ association with MDH is the result of a channelled process during co-translational MDH protein synthesis. This view could be compatible with the Methylobacterium extorquens strain AM1 functions moxAl, A2 and A3, which are thought to be involved in the posttranslational association of PQQ with MDH [44] .
The exact biosynthetic pathway of PQQ is not known, although information is available that t-tyrosine and L-glutamate may serve as precursor molecules in Hyphomicrobium sp. strain X [45] and Methylobacterium extorquens strain AM1 (G. GOttingen, 1989] . Since expression of these genes in Escherichia coli and Acinetebacter Lwoffii also led to the activation of glucose dehydrogenase, it would seen that this limited information is sufficient to direct PQQ biosynthesis from scratch. The largest and most fikely open reading frame for the fourth gene, dearly essential as determined by transposon mutagenesis, only codes for a polypeptide of 24 amino acids. An interesting suggestion was made that it is conceivable that this molecule serves as precursor substrate for PQQ biosynthesis, since it seems too small to perform a catalytic function and both tyrosine and glutamate arc contained in the polypeptide [461. PQQ has also been shown to functiol,~ as prosthetic group in methylarnine dehydroge~ase in several methylotrophs but was shown to be eovalently linked to the enzyme [48] [49] [50] [51] . In addition the prosthetic group has been found in aldehyde dehydrogenas¢ [52] , pro-and eukaryotic amine oxldases [53] [54] [55] and possibly other oxidoreductases [56, 57] . Because of its apparent universal occurrence, PQQ is considered to be the third electron-mediating compound in importance following the cometors NAD and FAD.
Reaction mechanism
Although the enzyme now known as methanol dehydrogenase (I~..C. 1.1.99.8) has been described as early as 1964 [58] , insight in the reaction mechanism required a substantial number of years of active research. The main reason for this has been the relatively long period before the exact structure of the MDH prosthetic group was discovered to be pyrrolo-quinoline-quinone (PQQ) [59, 60] . Other reasons include the non-physiological conditions in the assay system which prescribes a substantial concentration of ammonium ions, cyanide ions and a high pH. The pool of endogenous reducing equivalents associated with the isolated enzyme, its unreactiveness with substrate and its inactivation upon incubation with artificial electron acceptors were additional eni[~mas. Recently a scheme for a cyclic oxidation/reduction mechanism of MDH-PQQ has been proposed by Frank et al. [61] , The scheme is based on recent and previous studies [62 -64] and may help to solve many of the previous questions. An invaluable property of PQQ and its derivatives with respect to detection and analysis is their specific ultraviolet adsorption spectrum and fluorescent behaviour. Extraction of the PQQ moiety and spectral studies have shown that when in commonly employed isolation procedures MDH is isolated at neutral pH, its prosthetic group is in the form or: a semiquinone 165]. However, when the procedure was performed at high pH, the enzyme complex was isolated in a fully reduced form (MDH-PQQH2, [25, 66] ). Since cytochrome eL-mediated one-electron oxidation of both MDH-PQQH 2 and MDH-PQQ ° has been shown to be impaired at high pH, due to an unusual process of autoreduetion of this cytoehrome c [67] [68] [69] , it is assumed that prior to the isolation MDH is present in the cells in the reduced form. The reduced form of MDH, MDH-PQQH2 is sequentialls, oxidized through the semiquinone form to the oxidized form MDH-PQQ (Fig. 1) . In the absence of substrate, the enzyme may further be oxidized by a so far unknown mechanism under concomitant loss of an endogenous pool of reducing equivalents, resulting in an inactive form of MDH. Inactivation of MDH-PQQ can be prevented by the presence of either methanol or cyanide, a competitive inhibitor for the n~.~ural substrate of the enzyme. Both compounds are thought to ligand to the C5--O of PQQ. Several other compounds, including the hydrated form of formaldehyde, react in a similar fashion, but cyclopropanoi is worth mentioning in this respect. Although a PQQ-(C s --O) base-catalysed proton abstraction may initiate the reaction, just like proposed for primary alcohols [70] formation and reaction of a propanal carbanion after opening of the ring configuration of the eyclopropanol results in a structurally abberant product [71] . As an alternative reaction sequence a free radical mechanism has been proposed [72] . As a final product a PQQ-C~-3-propanal addact is formed, which subsequently can not be oxidized, causing the irreversible inactivation of MDH. The selectivity of this enzyme inactivation has successfully been utilized to identify similar quinoprotein alcohol dehydrogenases in a range of organisms [73] . The reaction of oxidized MDH-PQQ with substratelike compounds including cyclopropanol and cyanide is rapid, therefore the oxidized intermediate form cannot be isolated or visualized. Addition of cyanide to the PQQ moiety is reversible and results in a stable complex although methanol will rapidly replace cyanide if added to t:~e reaction mixture. The next step in the cycle is the oxidative removal cf the methanol-ligand from the MDH-PQQ-methanol complex through liberation of formaldehyde and formation of the reduced form MDH-PQQH2. Deuteriated substrates significantly reduce the snbstrate oxidation step, which indicates the involvement of hydrogen transfer reaction(s). Either hydride transfer to the C 4 = O of PQQ or a general base catalysed a-proton abstraction may be hypothesized for this process. In vitro, the reaction is strongly stimulated by ammonium ions (or primary amines in general) when using Wursters blue as electron acceptor at high pH. At neutral pH and using cytoehrome ct as electron acceptor stimulation by ammonium is insignificant but reaction rates are low [74] . it is likely that substrate oxidation is the rate limiting step for both reactions if no activator is present. Although NH3 or primary amines may react in vitro with pros:hetic PQQ [63, 75] 
Gram-positive organisms
Although Gram-negative organisms have attracted most attention with respect to methanol oxidation, over the years reports have appeared on methanol oxidation by Gram-positive organisms [76] [77] [78] . A pefiplasmie location for the initial step of methanol oxidation, as in Gram-negative organisms, is ruled out. Therefore it is of interest to determine to which degree the primary route of methanol oxidation deviates from the known mechanisms in Gram-negative organisms. A single report has appeared on the pathway of methanol oxidation in the actinomyc~te Nocardia sp. strain 239. It was shown that this organism utilizes a multienzyme complex with activities for NADH-, formaldehyde-, and methanol dehydrogenase. Addition of NAD was required for activity and limited amounts of NADH seemed to be produced, as detected by an increase of adsorbance at 340 nm. The cofactor was not in the usual free form if reduced by purified methanol dehydrogenase complex, but remained enzyme-associated instead [79] . Cyclopropanol, now known to inhibit the classical methanol dehydrogenase (EC 1.1.99.8) b~-(PQQ)-Cs-3-propanal adduct formation [70, 73] , did not inhibit this particular enzyme, although in denatured extracts amounts of PQQ were found to be' present proportional to measured enzyme activities [79] . Further biochemical investigations on this enzyme system are certainly required to understand the nature of this pathway of methanol oxidation in these organisms. Recently the isolation of several thermotolerant Bacillus strains was reported, which all possess an enzyme resembling a classical (EC 1.1.1.1) NAD-dependent alcohol dehydrogenase e~zyme [7~,,g0]. The enzyme can be distinguished from known alcohol dehydrogenases in its remarkable high affinity for methmaol, a feature that has also been reported for an alcohol dehydrogenase present in a non-methylotrophic Bacillus stearotJ,er~,~ophilus [811~ When challenged with a limited supply of methai~ol, the described methylotrophie P.aeillus strains may synthesize up to 30~g of soluble protein in the form of this alcohol dehydrogenase. Proouets seem efficiently removed from these cells under these circumstances by extreme high activities of hexulose phosphate synthase (17) (18) (19) and NADH oxidase activities (600 U, N. Arfman, unpublished results). It seems possible that these specific adaptations counterbalance the lower turnover of the NAD.driven methanol oxidation pathway, when compared to PQQ as intermediary electron carrier.
Electron transport
Cytochrome cL
Despite the different strategies that exist in Gram-negative organisms for the conversion of methanol to energy and biomass, all are unified in the possession of a periplasmically located methanol dehydrogenase. The conversion of methanol to formaldehyde is tightly linked to energy generation, since enzymatic activity leads to electron transfer from PQQ to oxygen via cytochrome c L, [28, 30, 44, [82] [83] [84] , additional electron carriers and a terminal oxidase. Although a number of characteristics would easily classify cytochrome c L as a Class I-type cytochrome c [69, 85] , the redox protein has some unusual properties. At elevated pH values cytochrome c L is rapidly autoreduced by a process with first order kinetics. It has been reported that autoreduetion also takes place at lower pH values in the presence of MDH [28, 67, 68] . Since in the acidophilic mcthylotroph Acelobacter methanolicu~ the observed pH range for both types of reaction was found to be shifted according to the physiological requirements of the organism, the phenomenon of autoreduction was believed to bear relevance in the MDH reaction mechanism. The radical free form of cytochrome c L, produced after oxidation of the autoreduced species has been suggested to be tile true electron accepter for reduced MDH-PQQ [28] . Such a mechanism was not supported by results from stopped-low experiments with cytochrome cL and methanol dehydrogenase purified from Hyphomicrobium strain X. Instantaneous reduction of ferricytochrome c L by reduced methanol dehydrogenase was observed at pH 7, but at much slower rates at pH 9 [74] . Measured reaction rates and the observed influence of pH in these experiments seem in conflict with the proposed involvement of cytochrome c L autoreduction. The gene for cytochrome cL (moxG) has been cloned from Methylobacterium extorquens strain AM1 [44, 84] and found to be located in a single operon with the structural gene for methanol dehydrogenase results). None of the conserved features of known c-type cytochromes could be detected apart from the home-binding site, which makes it unlikely that cytochrome c L is involved in a reaction with a terminal oxidase-This role seems reserved for cytochrome c H [7,69,8"?-89 ], but it remains possible that other components also contribute to the overall electron fl~,~v from methanol dehydrogenase to oxygen. Several redox proteins can be found in different amounts in the methylotrophs studied so far and the levels of individual components may vary depending on the growth condition of the methylotrophic ~,tganism under study [69, 90] . Paracoccus denitrificans, when grown with methanol, has been shown to produce three membrane bound c-type cytochromes [91] and at least three individual types of soluble cytochrome c [92], two of which seem to be functionally homologous to cytochrome c L and cytochrome c u. In addition to these redox carriers cupredoxins have also been implicated in electron transport of Paracoccus denttrificans [93] and Methylobacterium extorquens strain AM1 [94] . Isolation of individual mutations for these redox proteins should shed more light on the minimal number of electron transferring components involved in the methanol oxidase system in methylotrophs.
Cymeyrome c oxidase
Whichever route electrons may flow from ferrocytochrome ct, only class I terminal oxidases [95l seem fit to catalyse the reduction of oxygen under physiological conditions. Indeed, in Methylophilus methylotrophus both a heine aa~-type (class IA) and a heine co-type cytochrome c oxidase (class IB) have been reported to operate, thus creating a branched respiratory chain at the level of tyro. chrome c [96] [97] [98] [99] . Discrimination between these activities is facilitated by the fact that the o-type cytochrome c oxidase is inhibited non-competitively by azide and cyanide, while inhibition of the aa~-type cytochrome ¢ oxidas¢ by cyanide is uncompetitive, with a reported range of inhibitor constants of 0.2/~M to 27 ~M [97- [109] . Electron flow originating from the ubiquinol-cytochrome c oxidoteductase [91, 110] towards this enzyme has received much attention because of the apparent similarity with the mitochondfial electron transport chain [111, 112] .
This pathway is not unique to Paraeoceus denitrificans [113] [114] [115] and, in fact, in most studied methylotrophs aa~-type terminal oxidases seem to process most of the reducing power generated by methanol dehydrogenas¢ during methanol oxida-tion [98, 106, 116] . A few obligate methylotrophs form exceptions to this generalization [117] .
2.Ubiquinol oxidase
The confusing terminology "cytochrome o" has also been used to refer to class IIA cytochrome oxidases, typified by the Escherichia coli enzyme [118] [119] [120] [121] , which contains the cytochromes b562 and o (cytoohrome bss s) and two atoms of copper. These ubiqninol oxidases are strongly inhibited by structural analogs of ubiquinone-like HQNO, but are insensitive to inhibitors of eicotron flow through cytochrome be) like antimycin A or myxothiazol. The latter compound inhibits ubiqulnol oxidation by the Rieske iron-sulfur protein [110] and therefore also inhibits subsequent electron transfer to the Paracoccus denitrifican~ cytochrome cl, the overall cytochrome c-pool and class I terminal oxidases. An o-type cytochrome oxidase has often been suggested to be present in Paracoccus denitrificans [122] [123] [124] . Since oxygen consumption by isolated Paracoccus membrane preparations showed residual activity in the presence of myxothiazole [125]) while cytochrome cmediated nitrous oxide reduction was completely inhibited [126] , it was concluded that a class IIA o-type ubiquiaol oxidase may indeed function in Paracoccus denitrificans. Moreover, mutants have been isolated which completely lack spectroscopically detectable cytochrome c [104, 127] . These mutants are not sensitive to the action of myxothiazole [I26] and are still capable of rapid aerobic growth, albeit a lower efficiency of energy conservation was observed when compared to the parent strain [128] . Unfortunately neither, so far hypothetical, Paracoccus o-type oxidase has been purified for further biochemical analysis. A similar mutant of Methylobacterium extorquens strain AM1 has been described [129] . However this strain was observed to synthesize cytochrome aaa, which, despite the lack of cytochrome c, would still be reduced by external substrate [130] . Cytochrome aa 3 is currently considered to be the only oxidase of significance operative in this organism [ [133] . In both organisms growth yields of cytochrome c mutants were found to be decreased in accordance with the loss of a proton translocating site [127, 132] . The appearance of an additional proton translocating site in Methyiobacterium extorquens strain AM1 has been associated with the presence of membrane bound cytochrome c, while direct electron transport from cytochrome b towards cytochrome aa3 was postulated for all other growth conditions [131,1321. However, if Paracocc~ denitrificans is exemplary for the electron transport in this terminal region of the chain, the current model for the catalytic reaction of tyrochrome aa 3 and the mechanism of proton translocation [134-1361 does not allow for such an explanation. Unrestricted electron transfer from a b-type cytochrome is also in clear conflict with the definition of class I terminal oxidases [95, 137] . As stated before, both class IA terminal oxidases have been found to operate in Methyiophilus methylotrophus [97, 98] . The obligate nature of methanol consumption by this organism has precluded the isolation and analysis of mutants with defects in the synthesis or function of cytochrome c or coupled terminal o~ddases. Biochemical evidence on the possible presence of a quinol oxidase activity is not available either. Spectral analysis, using carbon monoxide, indicated the presence of an oxidase which seems relatively cyanide-insensitive. The activity was considered too low to be of physiological significance and was ascribed to a carbon monoxide-binding oytochrome c [97] .
3.Z4, Efficiency
The apparent complexity of the aerobic electron transport chain in methylotrophs, the possible concerted action of the different components and the unknown regulatory features of the system definitely have complicated an exact interpretation of growth efficiencies and efficiencies of energy conservation, when using a variety of substrafes and growth conditions [109, 128, 132, [138] [139] [140] [141] [142] [143] . Experiments with whole cells of Methyiophilos melhylotrophus under the assumption that the cytoohrome c oxidase activity is located at the cytoplasmic side of the membrane, did not indicate proton pumping activity of either cytochrome co or cytochrome aa 3 oxidas¢, which only left a scalar proton translocation due to a simple redox arm |97,141]. When Methy!obacterium extorquens strain AM1 cells were used from carbon-limited cultures maximal proton translocation ( < -H+/O) approached 6. Only scalar proton translocation was observed in these cells if ascorbatc/TMPD was used to donate electrons via cytochrome aa 3 oxidasc towards oxygen [141] . Thes~ observations differ markedly from those made on the well studied aa3-type cytochrome e oxidas¢ from Paracoccus denitrifieans [13"/] . This enzyme possesses both structural and functional homology to the three-subunit functional core of the eukaryotic eytochrome oxidase [144, 145] . Although the mitochondriai enzyme may contain up to 13 subunits, all non-core proteins are nuclear encoded. The three genes for Paracoccus denitrificam cytochrome aa 3 have been found to be divided over two separate and recently cloned chromosomal loci [135, 145, 146] . The complex contains two heine A groups and two copper inns. Dioxygen is bound in the active centre by the heine aj-Fe and Cua ion and reduced by four electrons, individually donated by cytochrome c, which is located at the periplasmic side of the membrane. Water formation proceeds through the consumption of four proton from the cytoplasmic side of the membrane, resulting in scalar proton translocation of one proton per electron, in addition, the catalytic reaction is coupled to the translocatinn (towards the periplasm) of an extra proton across the membrane per electron transferred to oxygen, resulting in 2H+/e -taken up from the cytoplasm [135, 147, 148] . Although this val~z for net proton translocation was observed in whole cells [109, 133, 139] , this stoichiometry could not be reached in vitro using a purified two-subunit Puracoccus denitrificans cytochrome c oxidase [149] , possibly due to the absence of subtmit lIl or loss of the dimeric structure [150] in these experiments. A similar phenomenon was observed for a reconstituted cytochrome c oxidase from a thermophilic bacterium [151] and a proton translocating b-type cytochrome oxidase from Rhodopseudomonas capsulala [1021. In the latter studies efficient pumping activity was only observed when a less purified preparation was analysed. Proton extrusion, but not electron transfer, was also inhibited by DCCD, indicating that electron transfer to oxygen with concomitant scalar proton translocation could be uncoupled from a process leading to active proton translocation. These observations may serve to understand the remarkable difference in efficiency of measured respiration-dependent proton translocation in Methytophilus methytotrophus and Methylobacterium extorquens strain AM1 (maximal full chain <-H+/O=6, [97, 132, 141] ) when compared to Paracoccus denitrificans (maximum full chain <-H+/O = 10, [109, 152] ). Several questions can be asked at this point. Are the components of the electron transport chain from the different methylotrophs structurally sufficient non-homologous to explain the observed discrepancies in the efficiency of proton translocation? If not, is this efficiency of proton translocation in a segment of the pathway of electron transfer subjected to modification and/or regulation? Do the observed efficiencies of proton translocation, and therefore indirectly ATP synthesis, correlate with the needs of a certain organism under certain growth conditions? Does, as theoretically would be expected, less efficient utilization of reducing power from methanol lead to a potential increase of the flux of its utilization, thus creating an alternative competitive advantage?
Regulation
The aspects of the physiological regulation of methanol oxidation have not yet been studied to great extent. More detailed investigations have now been raade possible by the isolation of several structural as well as regulatory genes for the range of functions that are involved in methylotrophy I21,22,84,86,153,1541. As will be disc~assed, the general picture that emerges from reported studies shows that in obligate and restricted facultative methylotrophs methanol dehydrogenase is produced constitutively, although enzyme activity ~an be induced to high levels under specific conditions. In the serine-type facuitativ¢ methy|otrophs MDH also seems to be synthesized constitutively, althoug~h at much lower levels, and further induction will occur upon addition of methanol to the medium. Autotrophic methylotrophs utilize methanol solely as energy source to drive the costly process of carbon dioxide fixation. Therefore these organisms will only induce methanol dehydrogenase for this purpose if alternative multi-carbon substrates are absent from the medium.
in Methylophilus methylotrophus, an obligate methylotroph, metabolic triggers have been analysed that detexmine the levels of methanol dehydrogenase, the aa 3 and co-type cytochrome c oxidases as well as key enzymes from the RuMP cycle [116, 1551 . Not only the type of limitation that was imposed upon the cultures determined the levels of these enzymes, but also the dilution rate in continuous cultures was shown to be an important parameter. High concentrations of oxygen in the medium seemed to repress the cotype eytoehtome c orddase, a condition that was also met in oxygen-limited cultures with a high dilution rate when the standing concentration of oxygen exceeded critical values. Cytochrome aa~ serves as the major terminal oxidase under these growth conditions. This is also true if methanol limitation was imposed on the cells, but only at low dilution rates. The standing concentration of methanol at high dilution rates during methanollimitation or during n~.trogen.limitatlon repressed both the expression of eytochrome aaj and the expression of methanol dehydrogenase activity. Oxygen depletion on the other hand caused the co.type cyt0chrome c oxidase to be induced, while a modified cytoehrome as3 may have been present under these conditions. From these results it has been concluded that the methanol oxidase system in Methylophdus rnethylotrophus is precisely tuned to the standing concentration of methanol and oxygen, such that the energy ~n-servation by the organism satisfies the demands of the imposed growth rate []16]. It was suggested that the difference in affinity for oxygen called for the obser~-ed regulation of the two terminal oxidases in this organism. It is conceivable that the employment of either oxidase also has consequences for maximal attainable fluxes of methanol oxidation, however, such observations have not been documented. Further metabolism of formaldehyde in Methylophilu~ methylotrophus is dependent on hexulose phosphate synthase, which does not seem to he actively regulated, and glucose-6-phospha~e/6-phospho$1ueonate dehydrogenase activities, which follow a linear relationship with dilution rate, thus determinin 8 the flux of formaldehyde dissimilation [155] . Pulses of methanol, supplied to cells with a highly active methanol oxidase system (methanol-limitation) lead to formaldehyde production, which generally leads to evil death. This phenomenon was more explicit and could also be shown in cultures with a less active methanol oxida~ system (oxyl~en-limitation) if the uncoupler FCCP was administered to the calls. Both the respiration rate and methanol consumption increased in the presence of the uncoupler and assumed partly to be caused by increased rates of formaldehyde dissimilation. Since classical respiratory control had not been found to operate in Methyiophilus methylotrophus, it was suggested that in untreated cells the activity of methanol dehydrogenase is still subjected to an additional but unidentified control mechanism [1551. It is also possible that much less formaldehyde enters the cells under these conditions as a consequence of the low electrochemical gradient. Loss of intraeellular NADH production and therefore loss of electron flow in the Q-~to-chrome b-region of the electron transport chain could then alternatively influence the rates of dee. tron transport in the eytochrome c region of the electron transport chain and cause the observed increase in methanol oxidation.
Studies on the regulation of methanol utilization in pink pigmented secine-cycle dependent methylotrophs have focussed on the measure-merits of enzyme activities in dissimilatory ~,.nd assimilatory pathways. Expression of methanol dehydrogcnase is not severely affected by the presence of multicarbon substrates in these organisms and is separately controlled from functions involved in subsequent formaldehyde metabolism [19, 156, 157] . High levels of methanol dehydxogenase could be detected in several pink pigmented facuhative methylotrophs in absence of methanol [158] . Expression of methand dehydrogenase activity was shown to be inversely related to the growth rate of the organisms, but formaldehyde and formate dehydrogenase, enzymes from the linear dissimilatory sequence, were not found to be co-regulated with methanol dehydrogenase activity. No information is available on possible regulatory aspects of subsequent electron transfer, except for the inducible character of cytoehrome c in Methylobacterium extorquens strain AM1 t13~1.
Paracoccus denitrificans [108, 159] and Xanthobatter sp. strain H4-14 [191 are the best studied methylotrophie autotrophs with respect to the regulation of methanol utilization. Both organisms suffer from long lag periods for growth when transferred to media containing methanol as sole source of energy. Methanol dehydrogenase activity is absent from the ceils if excess amounts of utilizable multiearbon sources are present in the medium, Therefore it would seem that the expression of methanol dehydrogenase and thus methanol utilization is under the strict control of catabolite repression. Formate can be dissimilated without significant induction of methanol deh~r drogenase activity [19,1591. Therefore further dissimilation or at least expression of formate dehydrogenase activity is regulated independently in these organisms. The determination of formaldehyde dehydrogenas¢ activities has been problematic [19, 108] because of the presence of nonspecific aldehyde dehydrogenase activities and the non-consistcrtt presence of gluthatione-stimulated enzyme activities. No evidence is available on the possible translocation of formaldehyde over the cytoplasmio membrane, the (majoO site o[ its dissimilation, or regulatory details of these processes. Growth of Paracoccus denitrificans with hydrogen as sole souroo of energy commences much more readily when compared to ~rowth with methanol. Hydrogen will also serve as an auxilliary energy source in the presence of other carbon substrates [108, 160] . A sirrAlar use of methanol as source of auxil~iar~' reducing power can be observed in ¢on-6.nuous cultures, limited for growth by the supply of mixed carbon substrates [161] . Thus hydrogen and methanol may fulfd an identical role in Parac~ecus denitrificans physiology, but the regL,-lation of their utilization is markedly different. Immunological detection of Paracoccus denitrlficans methanol dehydrogenase protein proved a useful technique to demonstrate further details of the regulaticn of its synthesis. Energy limitation, as in carbon-substrate limited continuous cultures, was found to trigger a low level of methanol dehydrogenase synthesis in the absence of methanol [159] . A further increase in enzyme levels was observed when methanol was actually available to the cells, although the product, formaldehyde, instead of the substrate, methanol was demonstrated to be the most likely substance responsible for the observed induction. Synthesis of the methanol dehydrogenase protein did not correlate with measured enzyme activities, determined in vitro in whole cells or in crude extracts. Regulation of enzyme activity was therefo:e assumed to be under control of yet another mechanism, possibly involving PQQ biosynthesis and/or PQQ association with the methanol dehydrogenase apoenzyme [159] .
GENETICS OF METHYLOTROPHIC BAC-TERIA
Prefatory remarks
Interest in methylotrophic bacteria, stimulated by the biotechnological potential of these organisms, has led to the isolation of more than 100 distinct strains representing several different genetic taxa [162] [163] [164] [165] [166] . In the past various technical obstacles such as the difficulty in obtaining phenotypic mutants have hindered genetic studies on methylotrophs [5, [167] [168] [169] . In recent years molecular biology has provided promising new methods for the genetic manipulation of these 6g organisms. The studies have focused mainly on certain Gram-negative representatives but should now include less accessible methylotroph!..'. organisms. The know-how and techniques available should stimulate further research in the near future. Future experiments could lead to the construction of chromosomal maps like those available for Escherichia coll.
Progress in the genetic analysis of methylotrophs promises to extend our insight in the biochemistry of oxidative and assimilative C i pathways which are at present the main areas of interest in research on methylotrophic bacteria (see previous chapters), The unusual metabolic capabilities of methylotrophic bacteria make them useful candidates for the production of such varied substances as single cell protein, amino acids, vitamines, coenzymes and cytochromos [170] [171] [172] [173] . The use of classical genetics and genetic engineering could lead to improved yields in such products from methylotrophs [174] [175] [176] [177] [178] [179] [180] . In addition, molecular genetic technology may lead to the use of methylotrophic bacteria in industrial production of cm.~mercially important heterologous gene products [181--183] .
Characterization of chromosomal DNA
Mutants
The first step in the genetic analysis of any microorganism is the isolation and characterizalion of mutants. Attempts to mutagenize methylotrophie bacteria, especially obligate methylotrophs, by treatment with chemical mu+agens, ultraviolet light or gamma radiation were unsuccessful in most cases; in others, they were fraught with considerable difficulties [I0g, [184] [185] [186] [187] [188] [189] . The reasons for these observations are not clear [5, 169] . Various, partly contradictory, explanations have been offered for the failure of mutagenesis in certain methylotrophs: (1) absence of an SOS DNA repair system [167, 185] , (ii) high toxicity of the utilized mutagen [190] : (iii) failure of mutagens to permeate the membrane [190] ; (iv) mutant instabilities [1M,189]; and (v) unsuccessful selection procedures, for instance due to the inability of metabolites to permeate the cytoplasmic membrane [180, 189] or to specific inhibition of mutant proliferation by specific media components [19] j92].
An extensive study aimed at the determination of the optimal conditions for a particular organism and a particular mutagen has been undertaken on Methylobacillus flagellatum strain KT for the mutagen NTG (N-methyt-N'-nitro-N-nitrosoguanidin) . The rate of survival of this organism after the NTG treatment was significantly lower than that of other bacteria e,g. Escherichia coil By optimizing various experimental conditions (period of NTG treatment, concentration of NTG, buffer, etc.) the effectivity of mutagenesis could be increased 8-18 times. Selection of mutants of Methyiobacillus flagellatum strain KT on complex media yidded only two types of auxotrophic mutants: simple lencin¢ deficiency (ieu) mutants and mutants requiring valine, isoleucine and leucin¢ (vii). Selection on supplemented minimal medium can drastically enhance the spectrum of mutant phenotypes founO. Inhibitory effects of different substances including amino acids and nucleotides, present in complex media, have been shown to influence the ~rowth of both wild type and mutant bacteria to varying degrees, Consequently, special combinations of nutrient factor in minimal medium are essential for the selection of different auxotrophs [192] . It remains to be determined if this phenomenon is responsible for the limited spectrum of auxotrophic mutants found in organisms such as Methylobacterium organophilum or Methylobacterium extorquens strain AMI [191, 193, 1941 . Mutants of Methylohacillus flagellaturn strain KT were reported to be quite stable [192] . Mutants of Methylocoecus capsulatus and Methylomonas albus, in contrast, displayed a high reversion rate [184J85,195] .
Considerable effort has been devoted to the enrichment of mutants with defects in Ct metabolism. The isolation of C1 mutants of facultative methylotrophs is favourable since a range of alternative substances, other than C1 compounds, can be utilized to support mutant growth [84, 108, 154, 191, . Recently, a direct selection technique has been described for the Sl~:ific screening of mutants with defects in methanol oxidation. In this positive selection procedure allyl alcohol, which is converted by MDH into the ¢t9 toxic acrolein, is used to counterselect wild-type cells [84, 108, 154] . When this technique was applied to Methylobacterium exlorquens strain AM1 a large number of mutants unable to convert methanol were obtained. These mutants grouped in ten distinct classes [44] . A similar approach applied to Methytobacterium organophilum strain XX yielded several mutants defective in methanol oxydation which belong to ten.different subgroups [155] . Several screening techniques (cultivation on al|yl alcohol, identification of nonstaining colonies among veal-colored wild-type colonies on plates containing triphenyltetrazolium chloride, detection of pinpoint colonies in an ovedaycr of ethanol minimal medium) have been used for the isolation, of Paracoccus denffrjficans mutants defective in methanol metabolism. Five classes of mutants were found. The isolation of mutants from this organism by using penicillin enrichment was unsuccessful, due to variable lag periods of growth during subsequent cycles of the procedure [108] . In contrast, mutants of Melhylobacterium extorquer.s strain AM1 with defects in the serine pathway have been obtained by similar penicillin enrichments [199, 200] . In the case of the autotrophic methylotroph Xanthobacter sp. strain H4-14 a comparable strategy, employing glycine as the agent disturbing cell wall synthesis, led to the enrichment of five classes of mutants defective in methanol dissimilation and of two classes of mutants defective in autotrophic CO2 fixation and hydrogen oxidation (cfx, box) [197, 201] . In the Gram-positive organism Arthrobaeter sp. strain Pl four different classes of mutants blocked in methylamlne metabolism have been isolated and have been proven very useful to investigate the regulation of melhylamine utilization by this organism [196] . For obligate methylotrophs the spectrum of mutants with defects in C1 metabolism is limited, since most mutations will be lethal. Defects in C~ metabolism in obligate methylotrophs may be selected as leaky or, experimentally more convenient, conditionally lethal mutations. Since in many cases the traditional mutagenic treatments (ultraviolet light, ganmla irradiation and chemicals trfatments, with the exception of NTG) have not been successful, there has been great interest in transposon mutagenesis as an alternative method [5,191l . In this proc~iure a suicide plasmid (for instance, a vector of restricted host-range unable to replicate in the methylotroph under study) which carries a transposon with a selectable marker (e.g. a kanamycin resistance gene) is transferred via ¢onjuf~ation into the methylotroph. Transposition events, resulting in the inte$rafion of a copy of the transposon in the genome of the methylotroph, are selected by antibioticum resistance, coded for by the transposon. Subsequently, mutants with an insertion in the relevant genetic function are identified as in classical mutagenesis (see the reviews [5, 203] ). Although Tn5 insertion mutants of Methylomonas e.~t-torquens strain AM1 have been isolated [191] , attempts with other methylotrophs have been unsatisfactory [168, 204, 205] . This may be due to low [205] or undetectable [206] transposition frequencies, regional specify of insertion [5] . transposon instabilities [204] , host-dependent restriction of newly transferred DNA [207] or inappropriate selection procedures [191] . A promising approach to the generation of particular mutations in methylotrophs is the combination of transposon mutagenesis in a heterolognus organism such as Escherichia colt and subsequent modified-marker exchange by homologous recombination in the odginal organism. This technique (sometimes termed 'surrogate genetics', techniques which employ identification, characterization and manipulation of genes in foreign/alternate hosts) may overcome some of the problems of random transposition in methylotrophs: the nil.genes (responsible for nitrogen metabolism) of Methyiosinus sp. strain 6 [205, 208] and the trpE-gene (anthranilate synthetasc) of Methylophilus methylotrophus strain AS1 [204] were cloned in Escherichia coli and Mutants from a total of 35 different methylotrophs have been reported so far and in the future this range is expected to expand. Many of these mutations are involved in methanol metabolism and this provides a good prospect for the further elucidation of this pathway. Table 1 also includes strains which have been mutagenized and selected for resistance to certain amino acids or arrfino acid analogs in order to increase the excretion of specific amino acids. Most of the mutations shown in this list were generated by chemical mutagcnesis using NTG; in only a few cases other mutagenie treatments (ethyl methane sulphonate, ultraviolet light) have been employed. Antibiotic resistant mutants usually occur spontaneously but have also been induced by chemical mutagenesis.
4.Z2. linkage studies
Classically, a genetic map of an organism is constructed by intraspecies complementation of defects in mutant strains. An alternative approach has made use of the availability of a vast range of mutants of Escherichia coti and Pseud~monas aeruginosa [187, 190, although other organisms could also be used. Large fragments of chromosomal DNA of the methylotroph under study were either inserted by in vitro cloning techniques into a (broad host-range) cosmid vector or were obtained in vivo by R-prime formation. (An R-prime refers to a plasmid with resistance marker(s) and genomic DNA which is integrated into the plasmid by an in vivo process). The resulting plasmids were introduced into heterologous mutants and screened for complementation. If chromosomal inserts complement more than one mutation in the same or different heteroiogous hosts, linkage of the respective genes is indicated. For R-prime formation derivatives of the eonjugative broad host-range plasmid RP4 or of the identical K68 (e.g. plasmids R68.45, pJB3J1, pMO172 and pIJLBll3) have been employed which show enhanced chromosomal mobilization (ECM) mediated either by insertion elemems or by phage Mu [215] . Experiments geeombinatiou between plasmid and chrom0s0me, prior to the transfer into a recipient, in some cases displays a strong regional preference which prevents extensive mapping of chromosomal loci from the donor strain [217] . As shown in Fig. 2 five linkage clusters, composed of two to twelve different genes each (in total 28 genes), have been ascertained for Methyloph~lus merhylorrophus strain AS1; for Methylophilua ~ viscogenes strain CEL1555 seven linkage clusters composed of two to seven different genes each (in total 27 genes) have been found. Analysis of ~ts of overlapping and non-overlapping subclones has ducidated the relative order of many of these genes (see Fig, 2) . Comparison of the linkage maps of the two organisms reveals remarkable similarities in the order of genes. Therefore, linkage of genes in one of these organisms suggests that the genes may be closely associated in the (Heterologous) complementation may also be used to localize genes involved in C~ metabolism. Mutants of facuttative methylotrophs then serve Table 2 Genes of C t metabolism. CO 2 fixation, hydrogen o~tidatiun and electron transport cloned from methyiotrophi¢ bacteria Gene [153, 154, 199] and of [29,44,g4,g6,189,t93,199,211,249,276] [199] but their particular function is yet not known.
The compilation of DNA fragments complementing different defects in homologous and heterologous mutants has resulted in genetic maps of Methylolmcterium organophilum strain XX and of Methylobacterium extorquens strain AM1 covering parts of their respective chromosomes (see Fig. 3 ).
The linkage data for Methylobacteriura extorquens strain AM1 derived by in vitro cloning are extended by the results of chromosomal mobilization in intraspecies conjugations [189,193, [154] . The moxE gene, a positively acting regulatory factor for MDH and cytochrome cL expression [44] , is linked to moxF and cou.1 in Melhylobacterium extorquens strain AM1 [84, 154] . The Mezhylobacterium extorquens strain AM1 cowl mutation is complemented by a Methylobacterium organopkilum strain XX DNA-fragment which is linked to MeOH VII-A and MeOH VII-B located more than 50 kb away from moxF [154] . The moxF genes from Methylobacterium organophilurn strains XX and DSM760 are both located on $-kb BglII fragments which display a similar distribution of restriction sites [24, 43, 154] . Therefore, this region may be identical in both 
Gene-struczures in mezhylozrophs
Several genes have been cloned from methyiotrophs wbAch code for functions that are involved in methanol metabolism, in etectron transport, in CO 2 fixation (autotrophic mcthylotrophs) or in formaldehyde fixation (serine-typ¢ methylotrophs) ( Table 2) . Most of these genes were identified in complementation tests after transfer of larlse cosmid clones into appropriate mutants. Often Tn5-mutagenesis in Eseherichla coil has been used to :localize and discriminate genes more precisely [43,g4,153,154,I97,201] . In other cases antibody screening and hybridization procedures with synthetic obligonucleotides derived from known peptide sequences have been employed successfully to identify specific genes. By these methods the MDH structural genes of Methylosinus trichosporium and Paracoccus denitrificans, the genes [222] , An active promoter of the canonical Escherichia coil type has been mapped on the natural plasmid pBE-3 of Methylornonas clara [223] and such a promoter is also located upstream of the recA-like gene of this organism [209] . Genes of methylotrophs which are, involved in the synthesis of amino acids can often be expressed in Escherichia cell [213, 214] . Upstream from the glut,amine synthetase gene (find)
Escherichia coil lac promoter functions efficiently in Methylophilgs methylotrophus
of Methylococcus capsulatus strain Bath two canonical Escherichia coil promoters and one NtrA-type promoter has been found (D. Curdy and J.C. Murrell, abstract, '6th Int. Syrup. on Microbial Growth on C 1 Compounds, GiSttingen, 1989) . It is therefore not unlikely that the expression of genes in methylotrophs is controlled by promoter structures that can be recognized in Escherichia coli. In eontrasL the expression of genes involved in the C 1 metabolism in Escherichia coil has often required ff~e replacement of the authentic promoter by an Escherichia cell promoter signal [22] [23] [24] 86, 201] . This phenomenon could be due to the specializext metabolic functions of these gene products which may be controlled by dedicated regulatory systems. It is possible that such regulatory control is exerted through the use of distinct promotor sequences which are not functional in Escherichia coil Regulatory control mechanisms in methylotrophs have beL-.n found by physiological studies [116, 155, 1591 as well as genetic studies (refs. 44,84,154, see Table 1 and  Table 2) .
DNA sequence information, a first prerequisite for the molecular analysis, has been documented for the MDH structural genes of Paracoccus denitrificans [22] and of Methylobacterium organophffum strain XX [24] , for the moxG and moxl gene of Methylobacterium extorquens strain AM1 [29, 224] , and for the genes for cytochrotue oxidase (cox genes) and cytochrotu¢ bcl complex of Para. coccus denitrificans [135, 145, 219, 220] . The transcriptional start points have been determined for the MDH gone of Methylobacterium organophilum strain XX mad for the COII gene of Paracoccus denitrificans which theoretic, ally allows the identification of the promoter region [24, 219] . Sequences homologous to the Escherichia coli promotor structures were neither found in these promotor regions [24] nor in the upstream region of the MDH operon or the cox genes COl and COIl of ¥aracoccus denitrificans [22, 135, 219, 220] . Sequence information upstream from the MDH gene of Paracoccus dcnitrificctns resembles promoter sequences of Pseudomonas putida or, more closely, promoter sequencc~ of Rhodopseudomonas sphaeroides [22] , an organism phylogelletically related to Paracoccus denitrificans [225] , This similarity involves C.~C-rich repeated pentamers and hexamers (GCGCC, CCGGCC) which are also found upstream of the MDH gene o~ Alethylobacterium orga,ophilum strain XX [24] . Comparable sequences (GGCGGC, GCCGCC, GCCGG) are located upstream of the CO! and COlI genes and bci-operon of Paraeoccus denitrificans [135, 219, 220] . A consensus sequence of 12 nut|co-tides (TTGCGGCGCTGC) which contains such a GC-rieh stretch has been reported for the atp operon promotor of Rhodopseudomonas blasaca and a re,on upstream of the bed-genes of Paracoccus denitrificans [220] . A search of all known putative promotor sequences of Paracoccus denitrificans reveals ci'i,¢r one or two sequences with significant homolo~ ~' this consensus sequence, positioned -150 tc -50 r, lative to the gene translation start (see Fig. 4 ). x~rom these data a new consensus sequence is recognized which may regulate gene. expression (promotor activity?) in Paracoccus denitrificans (see Fig. 4 ). A sequence with partial homology to these consensus is present upstream of the MDH gene of Methylobacterium organophilum strain XX but it is positioned at a large distance from the known transcriptional start site (-300: see Fig. 4, [241) . Apart from the mentioned GC-stretehes, no further sequence homologies between the upstream MDH nueleotide regions of Paracoccus denitrificans and Methvlobacterium organophilum strain XX could be detected [24] .
In contrast to the nucteotide sequences of the control regions, 82~ homology exists between the coding regions of the Paracoccus denitrificans and Methylobacterium organophilum strain XX MDH genes. Minor differences are found in the amino acid composition, despite a different antiserum reaction of both proteins [22, 24] . As expected for The conjugative helper plasmids are given in brackels. (d)Transfer frequencies per donor; in all other cases transfer frequencies per recipient.
* Donor
Pseudomonas aeruginoaa, in all other cases donor Escherichia coil Ap, Cb, Cm, Kin, Su, To: reeler resistance genes expTe.~sed in the rec/piem (Ap, ampiriltin;
Cb, ¢arbenieillin; Cm, chloramphenicol; Kin, kanamycin; Sin, streptomycin; Su, sulfonamide; Tc, letracy¢iine). Ap +/-. Sm ÷/-, T¢+/-; resistance genES poorly expressed in the reeipiettt. Ap-, Cb-, Cut-, Tc-; resistance genes not expressed in the recipient.
nat signal peptides [22, 24, 219, 220] . The apparent cleavage sites in the MDH and COIl proteins of Paracoccus denitrificans have been determined by amino acid sequencing and mass spectroscopy, respectively [22, 219] , Several other protein properties, such as the presence of hydrophobic and hydrophilic domains, membrane spanning elements, membrane anchors as well as binding sites for coenzymes and cofactors have been predicted based on the deduced amino acid sequences [135, 219, 220] .
Extrachromosomal DNA
Natural plasmids
Naturally occurring plasmids have been found in several methylotrophic bacteria, especially in obligate methylotrophs (see Table 3 ). For most of these plasmids ,to functions have yet been defined and are thus cryptic. Nevertheless they are maintained over several generations without perceptible structural changes [217, 226] . In many cases it has not been possible to eliminate such plasmids by treatment with curing agents ( [227] , Kiies et al., in press). Most of the ¢x~racltromosomal elements found in methylotrophs are larger than 100 kb; only a few examples of small plasmids have been documented (see Table 3 ). For this reason the physical characterization of these plasmids usually has been limited to the estimation of their size. Morn or less detai|cd restriction maps are available only for the smaller plasmids pUK1 (9 kb) of Pseudomonas sp. strain NT-1 [228], pBG8 (55 kb) of Methyiomonas albus strain BG8 [227| and plasmids pBE-2 (48 kb), pBE-3 (17 kb) and their deletion derivatives isolated from Methylomonas clara [229] . Only in the case of Methylomonas clara isolates the structures of the basic replicon, i.e, the minimal sequences containing all functions esse~tial for initiation and control of replication, have been investigated (Kties et at., in press; Fig.  5 ). The arrangement of cis-and trans-acting elements in the basic replicon of pBE-2 is similar to the situation in several Escherichia coil plasmids: (i) an open reading frame encodes a replication initiation protein (Rep-protein) which acts by i~i. nding at the origin (for recent reviews see [230, 231] ); (ii) the binding sites of Rep-proteins are marked by large dirccl repeated sequences called iterons; 8.5 iterons of 19 base pairs are found on pBE-2; (iii) finally, sequences typical of the binding sites of DnaA protein and others reminiscent of binding sites of the integration host factor (IHF) have been det~ted in the pBE-2 origin region (Kfies et at., in prep.). In Esckerichia coil the host proteins DnaA and IHI= are involved in plasmid replication [230, 231] . Despite these structural similarities the Methylomonas clara plasmid has only a linfited host-range and does not replicate in Escherichia coli [229] . The basic replicon of pBE-2 has been incorporated in specialized vectors constructed for use in Methylomonas clara. An important feature of these vectors is their stability even in the absence of selection pressure as shown for the construct pME10 for more than 400 generations [232] . These vectors may prove to be valuable tools for the genetic characterization of Methylomonas clara and may also be useful for the production of hezerologous gene products in Methylomonas clara.
An interesting feature of plasmid pBE-2 is the recombinogenic element RIS (Recombination In- ducing Sequence) associated with the basic replicon. This element consist of an 11-bp-long sequence (GAGGCTCTGCC) located in the loop of a palindromic structure (A.C. Looman, personal communication). It mediates site-specific recombination and (similar to the ~, Chi-element [233] ) stimulates in cis homologous recombination in both r~cA + and recA strains of Escherichia coil [232] . The high structural stability of pBE-2 and pBE-3 in Methylomonas clara [226] [227] may argue against an episomal location of genes involved in methanol metabolism [215] . A plasmidless strain has been isolated from the obligate methylotroph Methylomegas clara which led to the conclusion that essenlial genes of methylotrophy are not plasmid, encoded in this organism [226] . Other studies have revealed comprehensive homologies (more than 20 kb) between the d8-kb plasmid pBE-2 and the chromosome of the plasmidless strain [183, 229] 
Phages in met~ylotrophs
Phages have been identified in only a few strains of methylotrophic bacteria (see Table 2 ). In all cases tested they contain double-stranded DNA. Often the morphology, GC-content and hostranges of these phages have been documented (see Table 2 ), Although only a single repr rt on generalized transduction in methylotrophic organisms has appeared [240] , phages of methylotrophic bacteria may provide a useful tool for intra-and interspecific gene transfer 1241].
Transfer of plasmids iron methylotrophs
Transfer of plasmids into bacteria occurs via conjugation or transformation. The latter phenomenon seems to have only minor significance for methytotrophs since most methylotroplfic strains do not possess a natural transformation system and have not been reported to be transformable by artificial methods [232, 242, 243] . Natural transformation using linear chromosomal DNA has only been observed in two methy!otrophs: , but these results could not be reproduced [246] . In an attempt to transform Pseudornonas carboxydovorans several protocols have been tested without success. Only a RbC1-CaClz-procedure gave a few transforrnants with the 3.5-kb plasmid from the same host [236[. Extensive efforts have bee.,', made to obtain tran~['-3r-mants from Methylomonas clara both under physiological conditions and using transformation procedures such as CaCI 2-and RbCl-treatment, freeze-thawing and protoplastlng. None of these attempts were successful. As [n the case of other methylotrophs (see Table 3 Conjugative transfer of vectors into methylotrophs is dependent on the presence of a transfer origin (oriT) [255] , which has been inserted into many cloning vectors. Promlscuc, us plasmids of the incP group such as RP4 (identical to RP1, RK.2 and R68) and R.751 and of the lncW group such as pSa may provide conjugation and mobilization functions in trans and serve in the transfer of vectors into methytotrophs ( [256] , see Table 3 ).
Escherichia colt or Pseudomcm~ narrow host-ranga plasmids like the conjugative plasmids R64drd-ll and R91-5 may also be used in vector mobilizations [191, 222] . Usually Escherichia colt strains are employed as donors in conjugative DNA-transfer to methylotrophie bacteria (see Table 4 ) but Pseudomonax aeruginosa or heterologous methylotrophs have also been used as donors for broad host-range plasmids. In fact Pseudomonas aeruginosa may in ~me cases be valuable and prove to be more efficient as donor (see Table 3 . [212,257,25g] ).
Host-dependent restriction systems which de- grade foreign DNA can be a complication in the process of plasmid transfer into methylotrophic bacteria. As shown by the comparison in Table 3 transfer frequencies of individual plasmids vary dramatically (10 -~ to 10 ~)+ depending on the recipient strain used. These differences in transfer frequencies could reflect the actual physical efficiencies of the conjugation systems under study. For instance, RP4 is transferred at a frequency of 10-"~/donor from Escherichia colt into Methylomonas albus, but lhe IncW plasmic pSa at a frequency of 10+7/donor [259] . Efficiencies of transfer may a!so be influenced by differential susceptibility of plasmids to the various host-dependent restriction systems since, using the s~me conjugation system, transfer efficieneies of different plasmids into a particular host may vary considerably (1207], see Table 3 ). The probability of a plasmid being degraded upon entry into a cell is correlated with the number of restriction sites carried by it recognized by a resttit~tion system present in the recipient. This. in turn, afrects the measured transfer efficiency. [207] . The enzyme Mmel of Methylophilus methylotrophus recognizes the nonpalindromic sequence TCCPuAC(N)zo and generates a two-nucleotide-long 3' extension on cleavage 12601. In hoth organisms, mutants lacking restriction enzymes are much better recipients [207, 260] . For example, the conjugation frequencies of the vector RSF1010 was enhanced 100 times by using a restriction defective mutant of Paracoeeus denitrificatls while transfer frequencies oP other vector constructs improved with a factor up to 105 ( [207] , see Table 3 ). Instability of particular vector constructs may be another source of failure or low transfer frequencies in conjugation experiments. As examples may serve the observed low transfer efficieneies of RP4::Muctx into the methylotrophtc strain MI [2611 (see Table 3 ) and of a specific l~SF1010-derivative into Methylobacillusflagellaturr. strain KTI [249] . Their ancestral plasmJds, RP4 arm RSFIOIO, are transferred at relatively high fre¢!t:encies into these recipients [249, 261] . Some Gram-negative bacteria do not support the replicat,on of the broad host-range plasmids of the lnci or of the mcQ-group [231.2561. The cosmid pS_JP106 {a RSF1010 derivative) has been reported to be unable to replicate in Methytobacterium organophih+rn strain DSM760 [43] .
{24J]
1241]
As can be seen from the data compiled in Table  4 [264265] . Another difficulty in the screening for transconjugants is the occurrence of spontaneous mutations in the recipient strain leading to a similar resistance as would be expressed by the antibiotic resistance gene on the vector. Background growth and a high level of spontaneous mutations curtailed the detection of transconjugants in Methylomona., clara using a +selec-tion based on tetracycline resistance [232] . likewise. carbenicillin selection is not feasible in several methylotrophic strains (Pseudomonas sp+ strain 3A2, Methylobacteriurn extorquens strain AMI+ Pseudomonas extorquens and Methylobacterium organophilum strain XX) because of the high frequency of spontaneous mutation to carbeniciltin resistance [266] . Vectors equiped with a mercury resistance operon may be used in eases in which selection to antibiotic resistances can not he employed [249] .
In conclusion, methylotrophic bacteria seem in general to be susceptible to gene transfer via conjugation. In particular cases difficulties may be circumvented by the choice of suitable vectors and sele~?~ion markers. Also transfer effici©ncies may improve when restriction negative mutants become available. If high oonjugative transfer era ficiencies can be attained a 'direct gene cloning' may be possible in methyiotrophs by a method called 'helper transformation'. This procedure involves the transformation of a suitable Escherichia earl donor i..,mnediately followed by a conjugation step skippirg a primary selection for Escherichia call transformants [267] . By meang of helper transformati, )n narrow host-range vectors were intraduced into Methylomonas clara at frequencies of 50 to 100g of the rate of transformation of Eseherichia cob [232] . Another new development in DNA transfer is the use of eleetroporation. This, method has permitted the transformation of several bacteria [268] . The applicability of this method to methylolrophs has not yet been documented.
Transfer of fol eign genes rata methylotrophic bacteria
Conjugative transfer of mobilizable plasmids with Escheriehia ¢oli or Pseudomonas species serving as donors provides a means of introducing genes of heteroiogous origin (bacterial or eukaryotic) into methylotrophic bacteria. Conjugative transfer can be employed to introduce genetic functions which are absent or blocked in a particular methylotrophic recipient in order to ¢~tpand the range of utilizable carbon and energy sources. Introduction of the Escheriehia eoii pdh genes (pyruvate dehydrogenas¢ genes) into Hyphomicrobmm X enabled this restricted facuttative methylotroph to utilize pyruvate and succinate [188] . In Methyiophiigs methylotrophus ammonia is normally assimilated by an e~ergeticalb' unfavorable pathway involving glutamine synthetase and #utamate synthase. After introduction of the glutamate dehydrogenase gene (gdh) of Escherichia carl into glutamate synthase mutants of Methyl, ophilms methyiotrophua the increase in the efficiency of ammonia consumption resulted in an increased overall growth efficiency and a higher yield of single cell protein [180] .
The potential value of methylotrophic bacteria for the commercial production of eukaryotic peptides has bean demonstrated by the expression of three eukaryotic genes in two different mvthylotrophs: a synthetic human al interferon gone, the chicken ovalbumin gene and the mouse dihydrofolate reductase ~ene have been expressed in Merhylophilus raethylotrophus. Expression of the mouse dihydrofolate reductas¢ has also been demonstrated in Methylomonas methylovora [181~182] .
At present, some obstacles prevent the large-scale industrial application of genetically ensinecred methylotrophs. (i) ]Deletion events may lead to the loss of the recombinant heterologous genes. The availability of recombination deficient hosts may alleviate this difficulty. Such strains can be generated by replacing wild-type recombination genes with inactivated allels via homologous recombination. For the single cell protein producer Methylomonas clara this has been carried out for a reeA-like gene [909] . For the same purpose a reeA-like gene of Methy/ophilus methylotrophus has been cloned [216] . (ii) Heterologous protein production may be curtailed by degradation. This, indeed, was observed for human al interferon when expressed in Methylophilus methylotrophus [9.69] . A clear understanding of the factors involved in the process of intracdlular protein degradation [269] [270] [271] is essential before a stable process of recombinant protein production in methylotrophs can be developed.
CONCLUDING REMARKS
A large number of different methylotrophie organisms has been the subject of physiological, biochemical and genetic studies in the past and will be so in the future. This diversity has been regarded to slow down the potential of progress. Indeed it is true that results, obtained for one particular methylotroph, in general will not hold for other organisms with significantly different metabolic properties. Similarly, specifically developed techniques, such as a procedure for mutant isolation, will not be readily applicable for a range of non-related methylotrophs. Nevertheless, due to the increasing amount of data, that becomes available for all methylotrophs under study, harmonizing patterns arise. The reaction mecha-nism of MDH, the role of its ancillary components and the subsequent electron transport, as discussed in this contribution, arc exemplary in this respect. A large number of genes have been found to be involved and to be essential for methanol oxidation in several /acultative mcthylotrophs. By no means it can be said that the current picture is complete. It does, however~ seem likely that for many functions in unrelated methylotrophs equivalent genes will be found. Therefore the study of a wide range of meth)!otrophs could instead lead to a cross-fertilization of all efforts involved.
The use of methylotrophlc organisms in industrial fermentations has not assumed large proportions after initial optiadstie expectations. In retrospect this seems to be due to a combination of factors that became relevant from that time on. The farmost promising process, single cell protein production, made use of obligate Gram-negative methylotrophic organisms. Although the physiology of these organisms and their facuhative counterparts were fairly well known, the study of their metabolic regulation and genetic manipulation had just started. The oil crisis caused methanol prices to go up, making the industrial use of this compound to become less attractive. Difficulties in large scale fermentations and reactor designs prohibited an easy switch from established processes to these type of fermentations. The shut down of the ICI Pruteen process marked the end of extensive efforts to utilize methylotrophs in industrial applications.
Today several years have passed and the outlook seems brighter again. Novel reactor designs enable increased oxygen flux rates and improved temperature control. Current bulk prices of methanol again make tl,2s compound attractive for bulk product synthesis, gncreased detailed knowledge of an expanded range of methylotrophs may provide for differentiated choices in individual industrial processes. One area in biotechnology that is ~pecially well suited for the deployment of these specialists involves the production of amino acids, vi~amines or metabolic end products. A detailed uuders~anding of the regulation of the pathways leading to these metabolites should be obtained through physiological and genetic studies. Effective deregulation of amino acid biosynthesis pathways and a concomitant influence on catabolic fluxes of methanol and heterotrophic carbon source utilization could lead to amino acid biosynthesis from cost-effective substrates. Another area of interest is the production of bulk recombinant proteins. All methylotrophs studied so far do possess highly expressed genes that function in the metabolic conversion of methanol to energy and biomass. In faeuhative methylotrophs expression of these genes is subjected to regulation, which may be exploited when recombinant products are to be produced and directed by such expression signals. An interesting new group of organisms are the recently described Grampositive thermotolerant methylotrophs, that have the potential of effective export of recombinant proteins. Thermostability, in addition, is not a very well understood property of proteins. The latter methylotrophs may add valuable information to this field of research, since many functions found in these organisms are unique and not present in therm0phile heterotrophic microorganisms. 
